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Abstract: This paper discusses the role of grain size distribution on the recrystallisation rates and
Avrami values for a Fe-30 wt. % Ni steel, which was used as a model alloy retaining an austenitic
structure to room temperature. Cold deformation was used to provide uniform macroscopic strain
distributions (strains of 0.2 and 0.3), followed by recrystallisation during annealing at 850–950 ◦C.
It was shown that the Avrami parameter was directly related to the grain size distribution, with a
lower Avrami exponent being seen for a larger average and wider grain size distribution. A method
to predict the Avrami exponent from the grain size distribution was proposed. In situ heating in an
SEM with EBSD showed the recrystallisation kinetics to be affected by differences in stored energy
and nucleation in the different grain sizes supporting the proposed relationship.
Keywords: recrystallisation; grain size distribution; JMAK model; in situ EBSD
1. Introduction
A fine and uniform grain size is desirable in steels, to provide high strength and good
toughness, and this requires recrystallisation during thermo-mechanical processing. It is important
to be able to predict the rate of recrystallisation and a number of relationships, based on the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation, that has been reported. The Avrami exponent in
the JMAK equation is a key parameter and is generally fitted to experimental data. Whilst the initial
grain size has been shown experimentally to affect the Avrami exponent, no method to predict the
Avrami exponent for a given grain size distribution has been reported previously.
Controlling recrystallisation during hot rolling or annealing after cold rolling is important in
generating a fine and uniform grain size microstructure [1–5]. It has been widely accepted that
recrystallisation primarily initiates in the heavily deformed material around grain boundaries, which is
driven by the stored energy; and its reaction kinetics can be expressed as a function of the nucleation
rate
.
N and growth rate
.
G [6–8]. Thus, grain size and strain are two key parameters in predicting
the recrystallisation kinetics. The classical model for recrystallisation kinetics is the sigmoidal time
dependence of recrystallised volume fraction (JMAK model), where the recrystallised fraction X can
be expressed as:
X = 1− exp(−ktn), (1)
where, k = f
.
N
.
G
3
4 is the rate parameter (f is shape factor,
4pi
3 for spherical nucleus) and n is the Avrami
exponent. The model assumes that the nucleation sites are randomly distributed and all nuclei grow
isotropically at a constant rate [3].
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The Avrami exponent n is supposed to depend only on time for the nucleation and growth rate
of recrystallisation (i.e., temperature independent); for example, Sellars reported that the exponent
showed independence to temperature and strain rate [1]. Given the assumption of continuous or site
saturated nucleation, and three-dimensional growth with a constant rate for recrystallisation, then the
n value should be four or three, respectively. However, the majority of published data give exponent
values lower than two or even one [2,3,9,10]. Zaefferer et al. has investigated the recrystallisation
kinetics in Fe-36Ni after cold deformation with an average grain size of 10 µm and reported Avrami
exponents between 1.06–1.38 [11]. Medina et al. and Laasraoui et al. examined microalloyed steels
recrystallising at 1100–900 ◦C and reported that the n value was lower than one with or without the
influence of strain induced precipitation during recrystallisation [10,12]. Moreover, n is in many cases
not a constant value but decreases as recrystallisation progresses [13]. Recovery during recrystallisation
has been suggested to be responsible for the low reported Avrami exponent values [3]. Additionally,
for recovery occurring prior to recrystallisation, it would be expected to reduce the stored energy not
modify the time-dependence of nucleation and growth. However, experiments have shown that low
Avrami exponents can also be observed in the absence of any recovery [2]. Therefore, the Avrami
exponent is not dependent on strain [1–3].
Some authors have proposed that variations in grain size and a heterogeneous distribution of
stored energy can cause the low Avrami exponent values [8,9,14]. Hutchinson reported that under
the same temperature and strain conditions, fine-grain sized copper (average grain size of 15 µm),
gave an n value of 2.7 whereas coarse-grain sized copper (average grain size of 50 µm) gave an n value
of 1.7 [15]. Similar observations have been reported by Barraclough and Sellars for Type 304 stainless
steel, where the Avrami exponent decreased from 2 to 1 by increasing the initial average grain size
from 140 to 530 µm at 0.5 strain [1]. However, no grain size distribution nor the effect of the grain
size distribution on the Avrami exponent was discussed in either case. Strain inhomogeneity has also
been widely observed in deformed products; Furu observed that cold rolled aluminium was deformed
inhomogeneously across thickness, the heavily deformed regions tend to recrystallise quicker than
less deformed regions in aluminium, which leads to a faster initial recrystallisation rate and the rate
decreases with time, i.e., lower Avrami exponent [3].
In the past 40 years, generally it has been the mode/average grain size values that have been
considered in recrystallisation modelling. In practice, the initial microstructure includes a range of
grain sizes, i.e., grain size distribution, and this is now being increasingly considered. Several authors
have proposed models for recrystallisation inhomogeneity that takes the grain size distribution into
consideration. The model used by Rehman and by Zurob et al. assumes that each grain has different
stored energy after deformation dependent on its orientation/Taylor factor and its size, then the overall
recrystallisation kinetics are predicted via subgrain growth modelling [16,17]. The model by Rollett
predicts that larger grains have a less preferential nucleation site and/or less stored energy, thus,
the larger grains recrystallise at a slower rate [8]. The recrystallisation nucleation and growth rate in
each grain is expected to vary based on these models. The overall recrystallisation rate is the sum of
the recrystallisation kinetics of each individual grain, therefore a decreasing recrystallisation growth
rate is expected. However, no fitting parameters in these models have been developed to predict the
Avrami exponent based on different grain size distribution. Additionally, very few experimental data
of recrystallisation kinetics, i.e., starting and finishing time and Avrami exponent, has been linked to
various grain size distributions to investigate its effect on the recrystallisation rate.
This paper reports a study on the recrystallisation kinetics at 850–950 ◦C, following room
temperature deformation to 0.3 and 0.2 strain, in a model Fe-30Ni steel with different starting grain
size distributions and proposes a method to predict the Avrami exponent based on the starting grain
size distribution. The Fe-30Ni steel is austenitic allowing the deformation structure and partially
recrystallised austenitic microstructure to be observed at room temperature. In addition, in situ
heating after deformation in a scanning electron microscopy (SEM) with electron backscattered
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diffraction (EBSD) was used to examine the effects of grain size distribution and strain heterogeneity
on recrystallisation.
2. Materials and Methods
The material used in this work was a laboratory cast ingot of composition: 0.06C, 30.0Ni, 0.53Mn,
and 0.01S, all in wt. % which was homogenised at 1100 ◦C for 30 min to remove any Mn segregation
from solidification. Fe-30Ni steel has been used as a model alloy for recrystallisation studies by a
number of authors [6,18–20] and it has been shown that the dislocation structures produced after cold
deformation are comparable with those seen after hot deformation in this material, yet it is worth
noting that the stored energy from room temperature imposed will not be the same as the same strain
at high temperature [11,21]. Additionally, differences in recovery can arise between cold deformed and
annealed (recovery occurring on heating to the annealing temperature) and hot deformed (dynamic
recovery prior to recrystallisation) samples, however, it has been reported that recovery prior to
recrystallisation does not affect the recrystallisation kinetics (Avrami exponent), which was being
considered in this paper, although it would affect the recrystallisation start and finish times [2].
Specimens of 10 mm in diameter and 15 mm in height were machined from the homogenized slab
and then reheated to 1100 ◦C and 1300 ◦C for 30 and 5 min respectively to relieve any residual stress
and to provide different starting grain size distributions for the deformation trials. The specimens were
deformed to 0.2 or 0.3 strain at room temperature by uniaxial compression, using a Instron 3300 series
static testing machine (Instron, Norwood, MA, USA), lubricated by PTFE film with a strain rate of
2/min, before being reheated to 950 ◦C, 900 ◦C or 850 ◦C for various times to give partial and full
recrystallisation, followed by quenching into water. No barrelling was observed for the cold deformed
samples. The heat-treated and deformed specimens were sectioned, mounted in Bakelite and ground,
polished and etched with Kallings reagent to reveal the austenite grain structures. Microhardness tests
were carried out on a Struers DuraScan Micro-hardness tester (Struers ApS, Ballerup, Denmark) using
a 0.5 kg load. The mapping area was 3.5 mm × 7 mm with a step size of 0.5 mm. The recrystallisation
fraction was determined by point counting from optical images. EBSD samples were prepared using
a VibroMet 2 Vibratory Polisher (Buehler, Lake Bluff, IL, USA) with Buehler MasterMet 2 Colloidal
Silica for two hours after general polishing to remove any deformation induced during the polishing
procedure. EBSD was performed on a ZEISS SIGMA FEG-SEM with Nordlys EBSD detector (Carl
Zeiss, Oberkochen, Germany) and samples were mounted onto a GATAN in situ heating stage (capable
of heating to 700 ◦C); the sample size was 5 mm square and 1 mm thick. The EBSD step size was 0.7 µm
and the local misorientation (between 0 and 5 degrees, point to point using a filter size of 3 × 3 pixels)
was calculated by CHANNEL 5 software (Version 5, Oxford Instrument, Oxford, UK).
The initial grain size distributions (equivalent circle diameter, ECD) of the heat treated samples
can be seen in Figure 1. The fine-grained specimen had a mode grain size of 100 µm with an area
fraction of 0.32 and 95% of grains were sized between 60 and 160 µm. The coarse-grained specimen
had a mode grain size of 160 µm, with an area fraction of 0.12, and 95% of grains were sized between
60 and 320 µm.
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3. Results
3.1. As-Cold Deformed Microstructure
The specimen with mode grain size of 160 µm deformed at 0.3 strain was used to examine
the effect of grain size on local strain distribution. First, the presence of any macroscopic strain
variability needed to be determined as Luo et al. reported an effect of macroscopic strain distributions
on lowering the Avrami exponents [17]. Figure 2 shows microhardness mapping of the initial
(homogenised) and deformed samples, where no systematic variation in hardness can be seen with
position, which indicated that there was no significant macroscopic strain distribution, as expected
from the lack of barreling for the deformed compression samples. Therefore, any differences in
measured Avrami exponent between the samples would not be related to macroscopically varying
strain affecting recrystallisation rates. The step size for the microhardness test was 500 µm, which was
larger than the maximum grain size of the homogenised samples and the typical indent size was
approximately 100 µm at 0.5 kg load, therefore, any local strain inhomogeneity within grains or across
grain boundaries would not be revealed.
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3.2. Recrystallisation Kinetics Determination
The recrystallisation kinetics for the Fe-30Ni steel with an initial mode grain size of 160 µm is
shown in Figure 4 and for the Fe-30Ni steel with an initial mode grain size of 100 µm in Figure 5,
as well as the double log normal of recrystallisation fraction versus log normal time for the different
temperatures and strains. These plots were used to obtain the value for the Avrami exponent n
and the parameter k for the JMAK equation. Linear plots have been observed for all conditions,
which indicated that the recrystallisation nucleation and growth mechanisms had not changed during
the recrystallisation process at the different strains and temperatures.
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J c r es ere fitted to t e eri e tal recrystal isation fraction ata, hich as tai e
fro the partially recrystallised samples. It can be seen that, for the 160 µm mode grain siz specimens,
recrystalli ation rting a d finishing times were approximately five imes slower for the l wer
strain value, and, at all temp ratu es and strains, the Avrami expone t, n, values were bet ee
1.2 and 1.4 (Table 1). e results indicate t at t e n value for Fe-30 i as relativel co st t f r
recrystallis ti i t is te er t re ra e after 0.2–0. strai , ic agree ith experi e tal ata
t i [23]. For the 1 0 µm mode grain size specimen after deformation to
0.2 strain, the Avrami exponent was 2.3, which was considerably higher than for t r i
size sa ple. iff rence i vra i exponent was co parable to the results on fine-/ i
c r re rt tc i it [15]. r t 0.2 a 0.3
str i t st res lt , it c l t t i r i ,
c sist t it lit r t res lt [11,24]. , i vra i ex e t a bee obser f r
t e sa les it a ti ter rai si e istri ti ( e r i si ) c are to t e sa les
ith a wider grain size distribution (mode grain size 160 µm) under the same condition, i.e., strain 0.2,
temp rature range 900–850 ◦C. In addition, he Avrami expon nts mea ured were significantly lower
than the theor tical value for site saturation nucleation and hree-dimensional li ear growth, i.e., n = 3,
in all cases.
Table 1. Su ary of experi entally deter ined vrami exponents.
Temperature (◦C) Mode Grain Size (µm) Strain alue
950 160 0.3 .2
900 160 0.3 1.3
850 160 0.3 1.4
950 160 0.2 1.3
900 160 0.2 1.4
850 160 0.2 1.3
900 100 0.2 2.3
850 100 0.2 2.3
3.3. Microstructure Evolution during Recrystallisation
Figure 6 shows optical images of the grain structures for the initial 160 µm material after various
annealing times at 850 ◦C after deformation to 0.3 strain. Non-, partial- and fully-recrystallised
microstructures are shown. Th variation in recrystallisation gr wth rate in the different grain s z s
is clearly shown in Figure 6b after annealing for 40 s, since the grain boundari s had a significantly
high r number of recrystallised g ai s tha the matrix t rior, as indicate by arrows. This agreed
w th the literature that the preferred recrystallisation nucleation sites were twin boundaries and ain
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boundaries [3,7,25]. Additionally, it can be seen from Figure 6c that the grains over 200 µm were still
shown as being predominantly unrecrystallised at 850 ◦C for 90 s. That is, even though recrystallisation
had occurred along the grain boundary regions in the coarse grains (> 200 µm) and the deformed
coarse grains were being consumed during recrystallisation, the recrystallisation growth was still at
a slower rate in the coarse grains attributed to the lower stored energy as well as the lower grain
boundary per unit area. Therefore, it was expected that all the fine grains must have recrystallised prior
to the coarse grains. The final micrograph, Figure 6d shows the fully recrystallised microstructure.
etals , , x FOR PEER REVIEW 7 f  
 
boundaries [3,7,25]. Additionally, it can be seen from Figure 6c that the grains over 200 µm were still 
shown as being predominantly unrecrystallised at 850 °C for 90 s. That is, even though 
recrystallisation had occurred along the grain boundary regions in the coarse grains (> 200 µm) and 
the deformed coarse grains were being consumed during recrystallisation, the recrystallisation 
growth was still at a slower rate in the coarse grains attributed to the lower stored energy as well as 
the lower grain boundary per unit area. Therefore, it was expected that all the fine grains must have 
recrystallised prior to the coarse grains. The final micrograph, Figure 6d shows the fully recrystallised 
microstructure. 
  
(a) (b) 
  
(c) (d) 
Figure 6. Microstructure evolution in the 160 µm initial grain size material at (a) 25 s, unrecrystallised; 
(b) 40 s, 20% recrystallised; (c) 90 s, 50% recrystallised; and (d) 160 s, fully recrystallised at 850 °C, 0.3 
strain. The arrows in (b) show recrystallisation nuclei preferentially located at grain boundaries and 
triple points. 
Grain size distribution evolution during recrystallisation was also examined to reveal the 
recrystallisation rate for the different grain sizes in the original distribution. If a partially 
recrystallised grain size distribution showed a comparable grain size distribution to the original 
distribution for the coarser grain size range, then this indicated that the coarse grains, statistically 
speaking, had not recrystallised whilst the finer grains had. Figure 7 shows the grain size distribution 
evolution for the initial grain size distribution with mode grain size of 160 µm and the distributions 
after holding at 850 °C for 40 s (partially recrystallised, 20%), 90 s (partially recrystallised, 50%) and 
160 s (fully recrystallised). It can be seen that the shape of the distributions, which, for both 40 s and 
90 s hold, were bimodal not unimodal and, for the 40 s, followed the shape of the starting distribution 
for the 220 to 280 µm size classes. This strongly suggested that the coarser grains were recrystallising 
at a considerably slower rate compared to the finer grains during the early stage of recrystallisation. 
Additionally, the area fraction of grains in the grain size range over 220 µm at 40 s was 24% compared 
to 34% in the initial condition, and grains over 200 µm were detected at 90 s although coarse. The 
100 µm 100 µm 
100 µm 100 µm 
Figure 6. icrostructure evolution in the 160 µ initial grain size aterial at (a) 25 s, unrecrystallised;
( ) 40 s, 20 recrystallised; (c) 90 s, 50% recrystallised; and (d) 160 s, fully recrystallised at 850 ◦C,
0.3 strain. The arrows in (b) show recrystallisatio nuclei preferentially located at grain aries a
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t llis tion rate for the different grain sizes in the original distribution. If a partially recrystallised
grain size distribution showed a comparable gr in size distribution to the orig nal distribution for the
coarser grain size range, then thi indicated at the coarse grains, s atistically speaking, had not
recrystallise whilst the finer grain had. Figure 7 shows the grain size distribution evol
for the i itial grai size distribution with mode grain size of 160 µm and the istributions after
holding at 850 ◦C for 40 s (parti lly rec ystallised, 20%), 90 s (partially recrystal ised, 50 )
ll recrysta lised). It can be seen that the shape of the d stributions, which, f r both 40 s
and 90 s hold, were bim dal not unimodal and, for the 40 s, followed the shape of the star ng
distribution for the 220 to 280 µm size classes. This strongly suggested that the coa ser grains were
recrystallising at a considerably slower ra e compared to the finer grains during th early stage of
recrystallisation. Additionally, the rea fraction of grains in the g ain size range over 220 µm at 40 s
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was 24% compared to 34% in the initial condition, and grains over 200 µm were detected at 90 s
although coarse. The fewer coarser grains in this case could be due to a lack of statistical sampling
at the extremes of the distribution, although over 200 µm grains were measured to generate the
distribution, but it is more likely that this could be due to the coarser grains being decreased in size
as the recrystallising grains nucleated from adjacent grains, or recrystallisation nuclei at the onset
of recrystallisation in these coarse grains grew into the grain interior (as seen in Figures 6 and 8).
Nevertheless, the area fraction for the finer grain size range, 20–80 µm, increased significantly from 7%
(initial condition) to 41% (40 s annealing time). In addition, the area fraction of the grain size ranged
between 100–200 µm, which decreased. This suggests that recrystallisation mainly occurred in the
grain size range up to 200 µm, with the coarser grains, i.e., >200 µm, not recrystallising in the early
stages of overall recrystallisation.
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Figure 7. The grain size distribution of homogenised, 40 s (30% recrystallised), 90 s, (50% recry tallised)
and fully r crystallised samples.
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Figure 8 shows the EBSD band contrast map after cold deformation (a) and after 60 min (b) at
700 ◦C for the material with an initial mode grain size of 160 µm. Note that a lower temperature was
used to allow the in situ recrystallisation to be observed, hence requiring longer annealing times, but the
recrystallisation mechanism and Avrami exponent are known to be temperature independent [1].
The same area showing the deformed microstructure is shown in Figure 3. Figure 8 shows that the
coarse grain on the right side of the image had not fully recrystallised after 60 min, whereas the finer
grains had completed recrystallisation. That is, finer grains recrystallised considerably faster than
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the coarser grains, which was attributed to both higher preferential nucleation sites density and the
higher average stored energy. Additionally, some of the grain boundary area had been consumed by
recrystallised grains (growing into the grain interior).
4. Discussion
For each individual grain that deformed to 0.3 or 0.2 strain (with no shear band formation),
recrystallisation occurred at the grain boundaries and the recrystallised grains grew into the grain
interior. As a result, finer grains in the distribution recrystallised quicker, which was attributed to a
larger number of nucleation sites per unit area, and coarser grains recrystallised more slowly. It was
shown in both optical microscopy, Figure 7, and EBSD, Figure 8, that the recrystallisation rates were
different for the different grain size classes in a distribution. Additionally, the early impingement of
the recrystallisation nuclei could also have led to the decrease in the Avrami exponent, which was
attributed to the preferred nucleation along the grain boundary regions.
To quantitatively demonstrate how a grain size distribution affects the recrystallization kinetics,
and hence the Avrami exponent, it was assumed that each grain separately followed the JMAK
model, in which site saturation and three-dimensional constant growth rate occurred, giving an
n value of 3. The assumption was based on the fact that recrystallisation nuclei pre-exist in the
deformed microstructure without continued nucleation along grain boundaries after the initial
nucleation event, and that recrystallised grain growth is not inhibited by precipitates or second
phase particles. The recrystallisation kinetics for each individual grain were then calculated using the
Sellars approach [1]. The grain size and strain exponents were taken as 2 and −4 respectively. Then,
the recrystallisation starting time was given as,
Rs = A · D20ε−4 exp
(
Q
RT
)
(2)
where A is a constant, D0 is the initial grain size, ε is the strain, Q is the recrystallisation activation
energy, R is the gas constant and T is the isothermal holding temperature.
Assuming each grain size class recrystallises individually, then the recrystallisation curve should
roughly follow the cumulative area fraction curve resulting from the application of Equation (2) to the
grain size distribution, Figure 9, for a given holding time.
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Figure 9. Cumulative area fraction representation of grain size for the two different grain
size distributions.
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The Avrami exponent was experimentally measured as:
n =
ln(ln
(
1
1−X(t)
)
)
ln(t)
(3)
where X(t) is the recrystallisation fraction at time t.
Assuming each grain size class recrystallises individually, then the time to achieve 5% (R0.05)
and 85% (R0.85) of the overall recrystallised fraction was approximately equal to the recrystallisation
starting time for D0.05 and D0.85, where D0.85 and D0.05 was the grain size class at 85% and 5% of the
cumulative grain size distribution respectively, as shown in Figure 9.
Therefore, the Avrami exponent could be estimated as,
n =
ln(ln
(
1
1−0.85
)
)− ln(ln
(
1
1−0.05
)
)
ln(R0.85)− ln(R0.05) (4)
As recrystallisation time is proportional to the square of grain size, as shown in Equation (2),
then Equation (4) can be given as,
n =
ln
(
ln( 11−0.85 )
ln( 11−0.05 )
)
ln
(
R0.85
R0.05
) = 3.6
ln
(
D0.85
D0.05
)2 (5)
For the samples with mode grain size of 160 µm, the equation predicted the Avrami exponent as
1.5 and 2.1 for the mode grain size of 100 µm using the grain sizes from Figure 9. The results showed
the same trend as the experimental results (Table 1) with the smaller average and narrower grain size
distribution showing a significantly lower Avrami exponent than for the larger average, wider grain
size distribution. Additionally, it is worth noting that this approach had only considered a low strain
condition, i.e., up to 0.3 strain, without the interference of the shear bands, therefore it may not have
been applicable for the recrystallisation kinetics prediction after severe cold deformation. However,
the measured Avrami exponents were slightly higher for the coarser grained material, and lower
for the finer grained samples than predicted and this requires further consideration. Nevertheless,
this approach provides the first attempt to quantitatively predict the Avrami exponent for a material
based on the initial grain size distribution and is consistent with the reported experimental variations
in Avrami exponent reported in the literature for different grain size samples.
5. Conclusions
The effect of initial grain size distribution on the recrystallisation kinetics, in particular the Avrami
exponent, has been determined using a model Fe-30Ni austenitic steel. Room temperature deformation
to 0.2 and 0.3 strain followed by recrystallisation at 850–950 ◦C for samples with different initial grain
size distributions (‘fine’ with mode grain size of 100 µm and ‘coarse’ with mode grain size of 160 µm)
was examined. The Avrami exponents were measured to be between 1.2–1.4 for samples with the
coarse mode grain size and 2.3 for samples with a fine mode grain size. The Avrami exponent was
found to be independent of the strain and temperature. The different Avrami exponents observed for
the samples were found to be due to the heterogeneity of recrystallisation rates among the different
grain size classes, with fine grains having a higher stored energy and more nucleation sites per unit
area (higher grain boundary area) and therefore recrystallised more quickly than the coarser grains.
Therefore, the grain size distribution plays an important role in recrystallisation kinetics and needs to
be taken into consideration when predicting recrystallisation kinetics. A method to predict the Avrami
exponent from the grain size distribution was proposed for low strain deformation conditions, i.e.,
Metals 2019, 9, 369 11 of 12
up to 0.3 strain, with a higher Avrami exponent being predicted for a larger average and wider grain
size distribution in line with the experimental observations.
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